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EMPIRICAL VALIDATION OF A lRANSIENT
COMPUTER MODEL FOR COMBINED
HEAT AND MOISTURE TRANSFER

Cmten Rode, Ph.D. Douglas M. Burch

ABSTRACT .———

A computer program for transient modkling #combined heat
and moisture transfi in building constructions is introduced.
T’he model’s predictionsare comparedagainst moisture con-
tent and heat flux data obtained for six typical North Ameri-
can lightweight wall constructions that have been exposed to
climatic conditions in a calibrated hot box. A special aspect of
the work was that the twsic moisture and thermal transport
properties were determined for each individual material in the
rods. The experiment, and thus the validation, was restricted
to di~ive transport mechanisms taking place in the hyg-ro-
sco@c regI”on.

Using the detailed infmtion on the material properties,

thepvgram was abletopwdictthemeasured moisture content
of the walls’ siding and sheathing materials to within approJci-
mately I’ZOmoisture conteni!by weight, and the heat@os were
pmiicted witha safis$actoqyaccuracy. In a subsequent ~ji-
tivityarudysis, themoistuz transport propdies weredescrihed
as simplerjlmctions or selected arbitrarily from a database of
ordinary building materials, In some awes, this had a noticeable
@et on the resulting moisture contents. It is suggested that
transient heat and moisture transport models can be used in the
design and analysis qfconstwtions ~the userisknowledgeable
about the workings of such modelsandcautious in interprti’ng
the resuzfs.

INTRODUCTION

History of Research Models for
Combined Heat and Moisture Transfer

Models that predict the dynamic modes of coupled
heat and moisture transfer in building constmctions are
not new inventions. As early as 1958, a simple scheme
that calculated the transient distribution of xnoisture in a
concrete roof was presented by Chlusov. Such calcuki-

tions were done by hand.
A more theoretical basis for modeling the coupled

transport phenomena in porous media was developed in
the late 1950s with the work of Philip and de Viies (1957)
and later Luikov (1966). These reseamhers presented
models to calculate the combined heat and moisture
transport by two governing partial differential equations
using, as driving potentials, the moistum content and the
temperature.

The transport coefficients in these models are nordin-
ear functions of the driving potentials. This fact, along
with the lack of effiaent solution techniques available
when the theory was developed, meant that it was hardly
possible to use the equations to predict the hygrothemal
performance of building materials and structures for

pra~cal situations. The use of the equations was
restricted to analytical studies of simplified cases and
small-scale attempts at processing the equations numer-
ically

New measuring techniques provided the necessary
raw data to determine the moisture transport coefficients
for the above-mentioned transport models as functions of
moisture content (van der Kooi 1971; Nielsen 1974). Most
of this research was carried out in the laboratory to arla-
lyze the behavior of single materials.

Numerical implementation of the theoretical trans-
port models evolved particularly in the early 1980s with
the work of researchers such as Kiei31(1983) and Kohonen
(1984). Their efforts helped the theory to be applied in
more practical situations by analyzing composite budd-
ing structures exposed to realistic indoor and outdoor cl-
imaticconditions. The main objective of these numerical
models was to use them for research purposes.

Today research produces still more developed simu-
lation tools that are now often multidimensional, com-
plete heat, air, and moisture transport models. A recent
overview of existing simple and advanced models is
@%?llby Hens and Janssens (1993).
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Evaluafton Mefhods Used in Practice
Building designers have had mainly two options to

use for moisture-mlated design of building structures

. either use guidelines or codes of practice published
nationally or

● pnxi.ict the moistum conditions based on a steady-
state calculation method, sometimes mfermd to as
Glaser’s method (Glaser 1959), or ASHRAE’s vapor
pressure/saturation vapor pressure intersecdon
method (ASHRAE 1993).

Guidties and codes of practice are valuable tools for
the design of common construction types. However, they
fall short when innovative designs, materials, or unusual
indoor or outdoor climatic conditions occur.

The steady-state calculation method has a number of
defiaencies in the way it is usually applied.

. The method does not consider the moisture capac-
ity of the building materials.

c Diffusion is the only transport mechanism consid-
ered.

. Transport properties are assumed constant, which,
in many cases, is not valid for vapor permeability.

● Boundary conditions commonly used are too sim-
plistic. That is, constant mean values of air tempera-
ture and relative humidity are used on both sides of
the construction, while solar and longwave radia-
tion are seldom considered.

Thus, there is a need for reliable pmiiction tools that can
be used in practice to evaluate new designs of building
structures or to aid in modifying an existing design.

Practical Models of Today

Over the past five years, a number of practical simu-
lation tools have been developed that run on personal
computers, am easy to use, and have attached databases
containing properties for the most common building
materials (F’edersen 1990; Bumh and Thomas 1994; Kii.n-
Zel 1994).

At issue is how well such models perform. This is a
twofold question: (1) Are the models validated to predict
with reasonable accuracy the processes they simulate? (2)
Do the models take dl rdevant processes into account?

This paper focuses mainly on the first of these two
questions. In addition, an investigation was performed to

determine the sensitivity of the predicted results to the
function used to represent the water-vapor permeability.
In practice, various approximations are used to represent
the water-vapor permeability.

The use of sufficient models to analyze certain cases is
also very irnpoctant but beyond the scope of this paper.
For instance, in applications where convective heat and
moisture transfer prevails, models that consider only the
diffusive mechanisms may fail completely
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For the coupled transport phenomena dealt with by
the type of models&cussed in this paper, validation can
becarriedoutin thmewa~

1.

2.

3.

By testing against situations for which analytical solu-
tions exist-bbably all models have gone through
some of this, but it cannotbe done for complex situa-
tions that msernble nml anmrnstances with composite
structures composed of materials with highly variable
transport properties and varying boundary condi-
tions.
By comparing against a reference model-However,
a single reference model does not exist and may also,
in the future, be hard to establish in the field of com-
bined heat, air, and moisture transport.
Empirical validation with experimental data—T’he
pn%lem hem is that, akhougha large number of lab-
oratory and field tests have been caxried out, not
many of these have specifically targeted boththe ele-
mental properties of the materials und the perfor-
mance of the composite structures in which the
materials function.

This paper demonstrates the use of the empirical
approach. As in this paper,most empirical validations are
only partial since not all *II2processes that can be simu-
lated with a program are also investigated in the experi-
ments, or the experiments do not cover the full range of
possible variation of the important variables.

The Simulation Program

The program being useclfor analysis in this paper was
originally developed as paIrtof a Ph.D. project (Pedersen
1990). This program has been used to analyze the hydro-
thermal performance of constructions with hydroscopic
materials in a number of research projects (e.g., Pedersen
et al. [1992], Kyle and Desjarlais [1994]), and IEA Annex
24 [Hens and Janssens 199;3]).The program is also being,
used by some building designers and manufact-ums of
building PIOdUCtS.

Basic Transport Equations Used

The basic transient transport equations used in the
program are given below.

For calculation of the temperature distribution

For calculation of the moisture distribution

where

P = density of the material, kg/m3 (lb/f?);

(2)
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c =

T=
x =

k =

%=

6P =

Pv =
u =

K=

P, =

specifk heat of the material, J/(kg.K) @tu/
m“°Fl);
temperahqe, K (T);
one-dimensional space coordinate, m (ft);
thermal conductivity, W/(m”K) @u” in./
~. f@. °F]);
phase conversion enthalpy water vapor J/kg
(Btu/lb);
water vapor permeability kg/(m.s”Pa) (gr”in./
~.ft%. Hg]);
water vapor pressure, Pa (m. Hg)
moisture content, mass of moistum by dry mass
of the matefi kg/kg @/k);
hydraulic conductivity, kg/(m”s”pa) (groin./
~.ft%. Hg]); and
capillary water pmssum, Pa (in. Hg).

In theseequations, the most important way in which the
temperature distribution affects moisture flow is through
its influence on the vapor pressure distribution.

Implementation

Equations 1 and 2 have been implemented in the pro-
gram using a control volume method with finite-differ-
ence approximations of the partial derivatives and are
solved using an implicit calculation scheme. This scheme
is numerically stable and is solved without iterating
between the equations, using time steps of typically one
hour. However, in order to limit the excursion during one
time step of those variables that determine the material
properties, the program has some built-in routines to
allow only a certain maximum excumion of the variables.
This may cause the program to divide a time step into
smaller fractions when necessary. The reader is referred to
Pedersen (1991) for more detailed issues on how the two
basic equations have been implemented.

All in all, the program allows for an expedient solu-
tion of the governing equations. The program contains a
database of parameters that describes how the material
properties vary with temperature and, more important,
with moisture content. The properties are expressed in a
number of empirical expressions of varying complexity
that describe the wide range of variation. However, it is
also possible to input the property data in tables of vari-
able length. Thus, the properties can be described with
varying levels of specifiaty. The importance of how well
the properties are described will be discussed later in the
paper for one of the constructions to be analyzed.

The program normally pmdcts thehygrothmalper-
formance of wall or roof assemblies that separate an in-
door climate from the outdoors. The indoor climate is
described simply by monthly values for air temperature
and humidity: either a relative humidity or a vapor con-
centration diffemmce between indoor and outdoor air.
The outdoor climate is typically read from a weather file

and comprises such data as dry-bulb temperature, hu-

midity solar radiation, and wind speed, and it is possilde
to consider driving rain M a moisture source for the out-
ermost control volume, Both indoor and outdoor condi-
tions can also be read directly as hourly values from a file,
as has been done in this work where the experimental
boundary COIMiitiOIISwill be SkKlk@d.

The program considers the transfer of latent heat that
takes place when water evaporates at one location in a
construction, is transferred as vapor, and condenses at
another location. For constructions with permeable mate-
rials and under certain exposures, this form of enthalpy
flow may be as important as thermal conduction. An
analysis of this phenomenonhasbeen carried out by Ped-
ersen and CourviUe(1991.).

Validation Work

Since the program is iavai.lablefor use by researchers
and building designers, them is a continuing need to col-
lect and disseminate information on any partial verifica-
tion with complex and welldescribed experiments. This
paper is an attempt to do just that. The author of the plo-
gram previously has carried out other partial verificat-
ions of it (Pedersen 1990; Pedersen et al. 1992), so the
justification of the work ckscribed in this paper lies in the
rare opportunity to test the program against a complete
set of experimental data for composite wall constructions
where the properties of the individual wall materials are
also well Imown.

This verification is only partial since it is restricted to
conditions in the hydroscopic region. Moisture transfer in
the experiment described in the next section took place at
humidity levels and through materials where liquid
moisture flow played ewmtially no role, e.g., the mcis-
ture content of the wooden parts stayed mainly below
fiber saturation. A verification of the program’s ability to
consider liquid moistwv flow has been shown earlier by
Pedersen (1990) for dryhg of initially saturated aerated
concrete.

It should be stated that this validation does not intend
to test the program’s ability to simulate exposure to rain,
wind, or stack pmssums, as these effects were not simul-
ated in the experiment. The model is able to consider
these effects ordypartially e.g., rain is approximated ;~sa
moisture source in the most exterior control volume, i~d
airflow can be considered only as one-dimensional filtra-
tion. Users should keep that in mind when selecting their
tool for analysis.

DESCRIPTION OF WALL EXPERIMENTS

This section summarizes a comprehensive set of
experiments conducted,to obtain an accurate set of nlea-
surements to verify models that predict the combined
transfer of heat and moisture in building envelopes. A
more complete description of the experiment is given in
Zarr et al. (1995).
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Overview

Six differentmdilayemd wall specimens were built
and assembled collectively in a calibratd hot box (Zarr
et al- 1987). The hotbox provided controlled temperature
and dative humidity conditions at the interior and exte-
rior surfaces of the wall specimens. The wall specimens
were first preconditioned to provide initial moistum con-
tents intheirconstiuctionmaterials. In the subsequent test
period, the exterior surfaces of the wall specimens were
exposed to a sequence of winter conditions that caused
moishm to permeate into the wall specimens and accu-
mulate in the exterior construction materials as a function
of time. This was followed by a period with warm outside
conditions that caused the exterior construction materials
to lose moisture back to the intenor environment. The
moisture content of the exterior construction materials
and the inside surface heat flux of the wall specimens
wem measured and will be compared to corresponding
values predicted by the calculation program.

Wall Specimens The construction details of the six
wall specimens analyzed in this paper are given in
Figwv 1. Each wall specimen had overall dimensions of
1.0 by 1.1 m (3.3 by 3.6 ft) and was installed in the cali-
brated hot box. Each wall specimen contained a centercir-

‘A

D

B

E

cular metexing secticmcimmwcribd by a thin 0.03-mm ,
(0.(Xll-in.) plastic sleeve that minimkd lateral moism
flow and provided one-dimensional moistuxe transfer
within the metering section. A finitdiffenmce analysis
was conducted and revealed that the heat transfer within
the metering ama was also one-dimensional.

Calibrated Hot Box The metering chamber of the!
calibrated hot box providecia downward airstxeam at the!
interior surface of the wall specimens that was main-
tained at 21.2”C* O.l°C (702°F* 0.2°F) and 50?/o * 3% RI-I

during theenthe experiment. The climatic chamber of the
calibrated hot box generated an upward airstrearn at the
exterior surface of the wallqwcimens. The temperatuw of
the cIimatic chamber during the test period is summa
rized in Table 1 and plotted in Figure 2. Its humidity was
maintahwd at 5% &)’o RI-I during the test period.

Instrumentation

The metering section of each wall specimen was in-
strumented as shown in Figure 3a. The ambient tempera
ture was measured at a distance of approximately 50 nun
(2in.)fromthe inside and outside surfaceeof the walLspec-
irnens. The heat flux was measured at the interior surface
of the gypsum boani The moisture content and surface

c

F

81,3 mm

(3.2 in.)
Air space

I.,.
R
,

m

1
I

19.1 mm
(.75 in.)
Sugar pine

12.7 mm
(.5 in.)
Fiber Board

12.7 mm
(,5 in.)
Gypsum

81,3mm
(3.2 in.)
Glass-fiber

.15 mm (6 roil)
Asphalt-kraft
paper

Oil Paint

Latex Paint

1“

Figure 1 Wall layouts tested in the experiment. 7he left-hand side of all constructions faces the metering chamber
(indoor conditions) and the right-hand side, the climate chamber (outdoor conclitions).
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F@ure 2 Therrnrd boundary condtions dufing the wall
experiment The average relative humidity during
the test period was around 5% in the climate
chamber and 50% in the metering chambe~

Esterior
mulation sheathing

Gypsum wsilboard

T

Wood siding

n41!ll

MeIer Section

Im

b

0.305 m

L

diameter - —~

0 UremxxOuple

❑ heat flux trmsducer

~ l.lnl J ~ . ~~~.tent

a. Wall specimen sensor location

Eiectrically-
cc.nductive

e~v

—..

w
b. Constnsc%onof moisture content sensor

Figure 3 Description of instrumentation.

temperature were measured at the interior surface of the
sheathing (if present) and both the interior and exterior
surfaces of the sugar pine.

The ambient relative humidity was measured at the
center of the airstmams cmopposite sides of the wall spec-
imens using calibrated capaatance-type relative humid-
ity transducers. Calibrated thermocouple wire was usIed
for the temperature measurements. Details dating to the
moistum content and heat flux measurement are giwm
below.

Moisture Content Themoistureccmtent of the wood-
based materials was measured using the electrical-resi-
stancemethod (Duff 1968). This method is based on the
principle that,below fiber saturatiorhthem exisk a tique
relationship between moisture content and electdcal re-
sistance for different specks of wood and other building
materials. For this experiment, a commercial moisture
meter with a display resolution of 0.1’%0moisture content
was used. The twopin metal electrodes supplied with the
meter were replaced with a pair of parallel electrically con-
ductive epoxy strips applied to the surface of the woad-
based materials (SWFigure 3b).

After the experiment, the moistum content senscm
were individually calibrated. This was accomplished lby
removing the sensors fmm their corresponding wall spec-
imen with a 100-mm by K10-mm(4in. by 4in.) section of
the substrate material. The sensors were then placed in-
side a precision temperature and humidity chamber that
conditioned the substrate materials to various moisture
contents at ambient temperatures of 4.4°C (39.9°F) and
32.2°C (90.0°F). For each sensor, the relationship between
the metered moistum c~mtent and the actual moisture
content was established at the two ambient temperature
conditions. During the calibrated hot box experiment, the
effect of temperature on the moisture content measwe-
ments was included by linear interpolation between the
two reference calibration curves.

Heat Flux The heat flux at the center of the metered
section of each of the wall specimens was measured using
small heat flux transducers attached to the gypsurn board
using a silicone-rubber idhesive. The transducers wem
23 mm (0.91 in.) in diameter and 3 mm (0.12 in.) thick.
These heat flux transducers generated a millivolt signal
directly proportional to the magnitude of the heat flux
passing through the transducer. The heat flux transducers
were calibrated by expctsing them to heat fluxes in the
guarded hot plate and establishing a rdationship be-

tween millivolt output and heat flux.

Material Propedy Measurements
The material properties for the wall specimens were

independently measured and input to the calculation
model in order to minimize uncertainties associated with
material variability. The property measurements in-
cluded sorption isothemn measurements, permeability
measurements, and thermal conductivity measurements
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‘- and axe mmmmizd below. Further hfomation on the
property measumrmmts is given in Zarr et al. (1995).

Sorption Isotherm Measurements The sorption iso-

therms were determined by placing eight small speci-
mens of each hygmscopic material in vessels above
saturated saltwater solutions. Each saturated saltwater
solution provided a fixed dative humidity (Gmenspan
1977). The vessels were maintained at a temperature of
24°C * 0.2°C (75°F * 0.4°F) until the specimens reached
steady-state equilibrium. The equilibrium moistum ccrn-
tent was plotted vs. relative humidity to give the sorption
isotherm. Separate sorption isotherm data wem obtained
for specimens initially dry (adsorption isotherms) and for
specimens ~~y saturated (desorptian isotherms). A
detailed description of this measurement method is given
m Richards et al. (1992).

The mean of the absorption and desarption isotherm
measurements was fit to an equation of the form

Bl$
u = (1+ B20) (1-113qs)

where $ = relative humidity

(3)

The coefficients Bl, Bz, and B3we= determined by regres-
sion analysis and are summarized in Table 2.

VME 2 SorrMfon Isathem Regression Coefflclenta

Materials B, B2 B3

Fiberboard sheathing 1.14 50.6 0.923

Gloss-fiber insulrMon 0.00170 1 Xl@ 0.963

Gypsum wallboard 003336 1 X lC@ 0.9Q1

Kraftpaper with atihatt ma~!c 51.9 2538 0.902

Sugar pine 0.192 2.05 0.765
Theuncertaintyin mesorption isotherm measurements was wtthln *2.5%
moisturecontent.

U&W3 Vapor Permeability Regression Coefficients

Matedais

Fiberboardsheathing

Glass-fiber insulation

Gypsum wallboard

Kraff paper with asphali
Suaar Dine

c, % c~

-24.054 -.1034 0.0

-22.425 0.0 0.0

-23.475 0.0 040

‘ mastic -32.239 -1.168 3.058
-20.677 -0.9198 4.576

TABLE4 Permeance of Paints

Permeance
Matenais (lil_12 kg/s. m2.Pa)

interior latex paint 980

Exterior latex paint l$U

Exterior oil-base paint 80
The uncertainty in measuring the permeonce of mematerialswasless
man 5% when measuring materbls having o permeance less than
5.7x 10_’” kg/s. mz Pa (1O perm). However, the uncertainty Increosed
rap@y os me specimen perrneawe rose above 5.7x10-10 kg/s. mz. Pa

(10 perm).

Permeability Measurements The water-vapor “
permeability of the rigid hygmscopic materials was
measud using permeability cups placed in contdled ‘
environments. Five circubr specimens, 140 mm (5.5 in.)
in diameter, of each material were sealed at the top of
open-mouthed glass dishes. The dishes were subse-
quently placed inside sealed glass vessels maintained at
a constant temperature. Saturated salt-in-water solu-
tions wem used inside the glass dish and surx’owding
glass vessels to generate a relative humidity difference
of approximately 10% across each specimen. By using
different salt solutions, ihe mean relative humidity
across the specimen was varied fmm a “dry” to a satu-
rated state. Permeability was plotted vs. the mean
relative humidity across the specimen. Separate mea-
surements conducted at ‘PC (45°F) and 24°C (75”F)
revealed that temperature has only a small effect on
permeability over this temperature range. A detailed
description of the permeability measurement method is
given in Burch et al. (1992). It is worth mentioning that
the materials used in the wall experiment experience!
temperatures somewhat cutside the range of the per-
meability measurements.

Vapor permeability data were plotted vs. the mean
dative humidity across the specimen and fit to an equa
tion of the form

8P = exp (Cl + C2$ + C@2). (4)

The coeffiaents Cl, C2,and C3were determined by n?gres-

sion analysis and am summarized in Table 3.

The permeance of glass-fiber insulation was assumed
to be equal to measurements of the permeability of a
stagnant air layer. This assumption is reasonable because
the glass fibers of the insulation occupy a very small frac-
tion of its volume. In this situation, bound-water diffu-
sion along the glass fibers is small compared with
molecular diffusion through the predominantly open
pore space. The permeances of the paint layers are given
in Table 4.

Heat Transfer Properties The thermal conductivi-
ties of the materials were measured in accordance with
ASTM Test Method C 177 (ASTM 1993) using the
guarded hot plate. Each measurement was carried out
at approximately the same mean temperature that the
material experienced during the steady-state winter
conditions of the experiment. The thermal conductivity
of the glass-fiber insuhition was determined at the
same thickness and density as in the wall cavities. The
densities of the materials were measured, and their
specific heats were taken from ASHIUE (1993). The
heat transfer ‘properties for the materials are summa-
rized in Table 5.
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MLE5 Heat Trar@er Properties of fhe Materfafs

SpecJflc co&c-

- H-
(kg/ms) (J/kg.lC) (W/m.K)

RWboard SheatNng 380.4 1300 0.0539

Gypswn Wakmard 628.6 1090 0.159

Kraft paper wtttr asphatt mastic 839.3 1256 0.159

Sugar Fine 373.8 1630 0.0865

Giass4iber kssulatiorr Wall A 9.1 605 0.0445

Wall B 9.2 005 0.0443

wall c 10.4 805 0.0426
Wall D 6.0 805 0.0542
Wall E 8.8 B05 00450

ThedensilyofIi-mgloss-fiberinsulationwasdeterminedbyextractingan
hdfu coresampleofme Insulafbnin Unewlfhtheheatfluxfronsducer.
lhe fhermalconducfivffywassubsequentlycaiculofedfrcma canduc-
ftvifyversusdensttycorrebfian. The uncertalnfy In rneawhg Ihe fher-

rnalcomucMywasles sfhonl%.

VAUDATION EXERCISE

Input for the Calculations

Input files for the computer model were created for
each of the six walls to best represent the situation in the
experiment. The material properties were set up in tables
typically using 14 points to describe how the equilibrium
moisture content and the vapor permeability are func-
tions of relative humidity Each of these points was deter-
mined on the basis of Equations 3 and 4 and the constants
in Tables 2 and 3. Values of simpler properties, such as dry
density, heat capacity, and thermal conductivity, were
taken directly from Table 5 and specified as constants for
each of the materials. The same goes for the vapor per-
meances of paints (Table 4).

IrI the experiment, air speeds along the faces of the
constructions were lmown in both the climate and meter-
ing chambers, so the convective heat bansfer coefficients
could be determined. Values for the radiative heat trans-
fer coefficients were found from standard algorithms for
the actual test conditions. These two coefficients were
combined to give an overall heat transfer coefficient for
each face that was used in the calculations. Moisture
transfer coefficients for the two sides were found using
the Lewis relation (Thrdkeld 1970) between the convec-
tive heat and mass transfer coeffiaents.

The airspace in wall F was simulated as single thermal
and vapor diffusion resistances. The thermal resistance
was taken from ASHIL4E (1993) for two plane surfaces
under conditions similar to those in the experiment. The
vapor resistance was found, again using the Lewis rela-
tion, assuming the convective part of the therrnd nSs-
tance was 0.5 m2.K/W (2.8 ft?.h.°F/Btu) and the Lewis
number was 0.93. Table 6 summarizes the overall thermal
and vapor resistances used for the outer surfaces and for
the interior air space.

?XME6 Reslstar’rcesfor Exteriorand Interior Air layers

Overalllhermal Vapor -
Reslsfance Resistance

layer (rr$.K/W) (GPa.m2@kg)

Climate chamber surface 0.11 0.039

interiorair space (Wal!F) 0.17 0.047

Metering cbombersurface 0.12 0.069

To simulate the walls, a numerical mesh had to be set
up for the construction. I’hwnty-nine control volumes
with thicknesses between 0.23 mm (0.009 in.) and 28 mm
(1.1 in.) wemusedtodeecribe each of the walls A through
E. Grid spacing was chosen to be finest for the sugar pine
Iayez where the moistum cmtent gradients wem ex-
pected to be highest. One c}fthe main objects for compar-
ison was the surface moisture content of the siding and
sheathing of the walJ specimens. Since this was measunxi
at the inside of the layers, the grid was made such that th~2
moisture contents of the inner 3.2 mm (1/8 in.) could be
separately predicted.

Climatic files for the program wem constructed usin~3
as input the measured boundary conditions in the two
chambers. As initial condhns for the calculations, the
measumd moisture contents wem used when the precon-
ditioning period began. The simulations comprise both
the preconditioning and test periods, although results
will be shown only for the!latter.

Comparison of Moisture Contents

Figure 4 shows for all six wall assemblies the mea-

sured and predicted mois!um contents for the siding amd
for the sheathing in wall E. For each compared set c)f
data, the root-mean-squaw difference between the mea-
sumd and predicted results is indicated in the legend c}f
the figure. This was calculated according to the follow-
ing equation

/

n (Ui, predicted -u.
z

I,measured )4
RMs= i=l . (5)

n

As can be seen from Figure 4, there is a fine correspon-
dence between measured and pmd.icted moistum con-
tents with mot-mean-squad differences around 1’7.
moisture content by weight for all wall specimens. Thus,
for the type of wall constructions tested in the experiment
and the conditions under which the experiment was nm,
e.g., that it was restricted to the hydroscopic regime, the
predictive model seems to be a valid tool with which to

pmd.icthydrothermal behavior. However, there are small
deviations that are discussed below.

Close inspwtion of Figure 4 reveals that such devia-
tions can either be seen as scaling errors during the whale
or part of the test period I@edominantly walls C, E, and
1?)or errors in the rate at which moisture is taken up or
released (mainly walls A,,B, and D).
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, The most important deviation is probably that the cal-
culated moisture uptake rate of the sugar pine siding in
wall A during the period with steady boundary condi-
tions is only about two-thirds of the measured rate. How-
ev~ the sugar pine is exposed to rather extreme
conditions, wib 5% RH on one side and about 90% on the
other side. This causes large gradients in vapor perme-
ability across thebod that can be difficult topredictwith
high accuracy

Another noticeable dMerence in moisture uptake rate
can be seen for wall B, where theme asumments show an
almost constant moisture content throughout the period
with steady boundary conditions. The most probable
cause for this is an uncertainty in the measured vapor dif-
fusion resistance of the asphalt-kraft paper. This is the
only wall being tested where there is a significant vapor
resistance on the warm side of the insulation, i.e., a layer
that functions as a vapor retarder.

Comparison of Heat Fiow Rates

For wall A, Figure 5 shows the measured and pr-
edictedheat flow rates at the interior surface throughout
the entire test period. Although the program calculates
latent as well as sensible heat flows, only the sensible part
is presented in the figure. The reason is that, according to
experience from another experimental project (Pedersen
et al. 1992), it is not possible to measure the flow of latent
heat with the kind of vapor-impermeable heat flux trans-
ducers that wem used in the experiment positioned on the
surface of a permeable or hydroscopic material. The
hypothesis is that some of the vapor that would expect-
edly have condensed on the transducer and caused it to
give a higher signal when the condensation heat was
released is instead diverted by the hydroscopic attraction
of the materials around the transducer.

The two periods of dynamic boundary conditions
close to the beginning and end of the test period am
clearly discernible from the heat flow pattern with the
steady-state period in between. As far as can be seen from
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t7gurt3 5 Compcmson of measured and predicted
heat fluxes throughout the entire test period,
wall specimen A,
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this figure, the predicted and measured results track each
other reasonably well, ‘butthe time scale and fluctuation
of data do not allow this to be seen with suffiaent detail.

Figure 6 shows the average measumd and predicted
heat flow for all wall specimens for the steady-state
period, The discrepandea vary between 0.8% and 9.1%,
The largest deviation is for.wall E with an empty airq?ace
instead of an inmdation layer. The thermal resistanc~ of
this layer was not measured for this assembly in parlticu-
laz and that maybe the main cause of the large deviation.
For the other walls, the discmpancyis up to 7.6% and may
either be positive or negative.

Figux 7 shows the results for all six walls for one of
the dynamic periods. Again, prediction and measur-
ementtrack each other well, with RMS values up to around
0.7 W/m2 (0.22 Btu/h,f#) for walls A through E. Unin-
sulated wall Fhas a much larger RMSvalue of 1.5 W/m2
(0.47 Btu/h.@, which is first of all due to the generally
higher level of heat flux but is also due to the uncertainty
about the insulation value of the airspace.

It is believed that a major cause of deviation between
measumd and predicted heat fluxes of the insulated walls
could be uncertainty in the local in-situ insulation density,
which has an important effect on the thermal conductiv-
ity (see Table5). With that in mind, the model predictions
seem valid.

SENSITIVITY ANALYSIS

The validation exemise of the previous section was
carried out experdng all possible effort to describe the
experimerk+dconditions and the material properties as
completely as possible for the calculation model. To put
the results obtained in i~practical perspective, a sensitiv-
ity analysis has been carried out. The study focuses on
how the materials’ vapor permeabilities are described as
functions of relative humidity. The purpose of this inves-
tigation is to get a grasp of how well pmdktions can be
made by a building designer who usually would not have
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Ffgure 6 ComparBon ofmeosured Und preuicred uver-
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,
such detailed information cm material properties avail-
able as m the validation exercise Only wall A will be con-
sidered in this analysis.

To test the influence of how well the material proper-
ties are dewribed, the modelpmdictions used either of the
following descriptions of the material properties.

. “Optimum’’-For each material, the vapor perme-
ability was given as a table that desaibes this prop-
erty as a detailed function of relative humidity the
way it was measumd in the experiment (same con-
dition as for the validation in the pnwious section).

● “Crude’’-The vapor permeability as a function of
relative humidity is given as two straight lines: A
constant value up to 60% RH and a linear function
of RH from 60% to 100Yo.Each of the two lines rep-
resents best-fit approximations to the “optimum”
case in the RH domain it covers.

● “constant”— The vapor permeability is given as a
constant value over the full RI-I domain. In order to
assign such a value for each material, a constant
vapor permeability was determined using an abso-
lute value technique on the basis of intermediate
results from the optimum calculation:

(6)

whereg~ = vapor flux through the material, kg/(m2-s)
(lb/[f?.h]).
Sums were taken over all time steps in the test period.

● “Engineer’s choice’’-This choice uses the perme-
ability of the materials in the database that comes
with the simulation program being used. The only
similarity between materials in the experiment and
in the database is their name and tl-ws this is an
arbitrary choice not utilizing any previous knowl-
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Z4BLE7 WqmrPerrneabllltiesused Inthe SendttvltY
Anatysls(ng/m.s.Pa)

RH
~) @tin?urn Crude Constant Engineer=

SugOrpine :
1.05 0.495 1.50

1146 9.43
2.37

15.CI

60
G&ss-tber ~

182 182
182

157

182 182 157

Gypsum 60 M8 63.8 ~8 23.6

wahoord 98 4&8 63.8 . 26.6—

edge about the materials in the construction. It is
meant to represent an enginwr’s choice in a design
situation.

The vapor permeability of sugar pine in each of these
cases is depicted in Figure 8. Sugar pine is the material
among the ones in the experiment whose vapor pelYrne-
ability varies the most with the RH level. The vapor per-
meability at &)%o and 98% RH is given in Table 7 for each
of wall A’s materials using any of the four ways to
describe this function.

Figure 9 shows the measured moistum content on the
inside of the sugar pine siding together with each of the
predicted results. As can be seen, with either the case
when a very detailed permeability function was used or
a somewhat crude one, the resulting moisture contents
track each other closely and correspond well with the
measured result (Rh4S values around 17. by weight).

When a constant vapor permeability was used, there
was a considerable increase in the deviation from the
measumd results (RMS :morethan 3% by weight). A result
like this, however, depemdsvery much on how the con-
stant value is selected. In the case when permeabMy
functions for seemingly similar materials from a database
were used, there was iho a noticeable deviation from
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F&um 9 Comparison of h% predicted moisture c:on-
tent of inside 3,2 mm of sugar pine of Wall A when
dfierent approaches are used to approximate the
vapor permeability.
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.,,, boththe measured result and fmm the results of the more
~te predictions (RMs = 3.28).

In the last two cases, the deviations am large enough
that they may lead a designer to make wrong conclusions
about the moisture performance of the construction, e.g.,
if 20% moistum content by weight is the critical moisture
mntmt to avoid fungal attack of sugar pine.

Toinvestigate the influence of numerical grid spacing
on the results, test runs werv carried out with a total of
either 18 or 50 control volumes to compam with the use of
29 control volumes, as in the previous investigations. The
solution for 18 control volumes had a 5% higher root-
mean-squared error for the sugar pine’s moisture content,
while the RMS was 7% lower when 50 control volumes
were used.

It must be emphasized that the results of this paper’s
analysis adhere strictly to the type of construction being
examined, so one should be cmful to draw general con-
clusions from this. It seems reasonable to state, nevertk
less, that accurate material properties should always be
procured before a computer prediction is carried out. It is
preferred that these data be available in a functional form
that accurately describes how they vary with important
variables such as the humidity level. Different variations
of the grid spacing should be tested in order to find a con-
trol volume size that gives a seasonable accuracy.

CALCULATION WITH GIASER METHOD

Since the Glaser method (Glaser 1959) is stilI common,
it would make sense to apply this method to the type of
construction analyzed in the paper. This has been done
for wall A, using the boundary conditions of the steady
winter periods, thermal conductivities from Table 5, and
the constant vapor perrneabilities of Table 7. The result is
shown as a Glaser calculation scheme in Table 8.

It turns out that the Glasermethod predicts that there
is just barely no condensation in the construction. How-
ever, the relative humidity on the inside of the sugar pine
is 99.79’.. Using the sorption curve, Equation 3, and the

coefficients for sugar pine from Table 2 gives an equilib-
rium moisture content of 261.5%by weight for the inside
of the sugar pine. This corresponds well with the pre- ‘
dieted and measumd results toward the end of the long
steady#ate period of Figure 4. However, the Glaser
method assumes steady-state conditions and does not
provide any information on how long it would take to
reach such an equilibrium. The transient calculation
method gives a good prediction of this. Also, because the
Glaser method does not consider the hygrotherrmd
capacity of the materials, it will not be possible to use this
method to sinudate the periods with dynamic exposure.
Finally since the Glaser method requires constant mate-
rial properties, it is up to tiheuser to provide qualified
estimates of these, wheseas a transient simulation model
will typically be able to approximate the variable nature
of the properties.

CONCLUDING DISCUSSION

Models that can predict the hydrothermal behavior of
composite building constructions am now becoming
available to the research community as well as to building
practitioners.

The computer modeI to calculate heat and moistuxe
transfer that has been partially verified in this paper is
able to predict moisture contents and heat flows with
good accuracy when compared to results from an exper-
imental study of lightweight wall constructions subjected
to conditions in the hygmscopic region.

All the basic transport l?roperties of the materials in
the waUconstructions were known from the experiment.
This is unique for a full-scale experiment and makes the
experiment well suited for validation purposes. This
basic knowledge of the matmiaI properties and the exper-

imental boundary conditions made a valid comparison
between model and experiment possible.

A sensitivity analysis was carried out with the model
for different situations with crude descriptions of the
material properties as functions of relative humidity+r

?ABfE 8 Glaser Scheme to Calculate Vapor Pressure Dlstrlbution

Thermal Vapor Saturation Wpor Vapor
Thickness Resistance Resistance TemPwcsMre Pressure Pressure

Luyer (m) (mz. K/W) (GPa.m2. s/kg) ec) (Pa:) (Pa) R)

Metering Chamber 21.2 251i? 1259 50

surfoce Resistances 0.12 0.07

20.5 241I 1249 51.8

Gypsum 0.0127 0.08 0.20

200 2338 1222 52.3

Glass-fiber 0.0813 1.83 0.45

9.2 ‘ 1164 1160 99,7

Sugar pine 0.0191 0.22 8.06

7.9 106!5 56 5.3
Surface Resistances 0.11 0.04
Climate Chamber 7,2 1016 51 5
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with selmtions fmm a database of properties of seemingly
similar materials. The conclusion from this analysis
should not be extended to other cases than the one ana-
Ipd in this paper. This analysis revealed that noticeable
differences in the calculation results could result if the
material properties are not desmibed accurately It also
seems to be beneficial that these properties am desmibed
as some function of the humidity level. However, it does
not seem necessary to spend a great amount of effort to
optimize the functional form of such a dependency

For extended steady-state conditions, results with the
Glaser method and with the transient model correspond
well with one another. However, the Glaser method does
not provide any information about the dynamic hygro-
therrnal behavior of such a wall.

So is it safe to let transient simulation programs for
combined heat and moisture transfer be used by those
other than the developers? This, probably is still a ques-
tion that can only be answered with some controversy.
This paper has shown that for a particular case——alight-
weight insulated wall exposed to conditions in the hydro-
scopic regimegood predictions can be obtained but also
that small changes in model input may change the calcu-
lation results noticeably. Users of such models should, at
a minimum, have a good knowledge of the working of the
model, the required input parameters, and, perhaps most
important, the limitations of the model.
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